Where microbes colonizing skin surface may help maintain organism homeostasis, 21 those that invade living skin layers cause disease. In bats, white-nose syndrome is a 22 fungal skin infection that affects animals during hibernation and may lead to mortality 23 in severe cases. Here, we inferred the amount of fungus that had invaded skin tissue 24 of diseased animals. We used simulations to estimate the unobserved disease severity 25 in a non-lethal wing punch biopsy and to relate the simulated pathology to the 26 measured fungal load in paired biopsies. We found that a single white-nose syndrome 27 skin lesion packed with spores and hyphae of the causative agent, Pseudogymnoascus 28 destructans, contains 48.93 pg of the pathogen DNA, which amounts to about 1560 P. 29 destructans genomes in one skin lesion. Relating the information to the known UV 30 fluorescence in Nearctic and Palearctic bats shows that Nearctic bats carry about 1.7 31 µg of fungal DNA per cm 2 , whereas Palearctic bats have 0.04 µg cm -2 of P. 32 destructans DNA. With the information on the fungal load that had invaded the host 33 skin, the researchers can now calculate disease severity as a function of invasive 34 fungal growth using non-destructive UV light transillumination of each bat s wing 35 membranes. Our results will enable and promote thorough disease severity assessment 36 in protected bat species without the need for extensive animal and laboratory labor 37 sacrifices. 38 39
Introduction 44
Association of pathogen load with infections transmission stands at the forefront of 45 epidemiological dynamics models, where high pathogen load increases chances of 46 transmission (Wilson et al., 2008) . The amount of the pathogen that can infect a new 47 host represents an infectious dose. In natural condition, the infectious dose needs to be 48 transmitted through pathogen shedding via aerosol, direct or vector-mediated oral or 49 bodily fluids exchange. As such, the pathogen is often quantified in sputum, feces, 50 urine or blood, but such measures do not directly reflect the systemic infection or 51 disease severity. 52
Clinical data support that the overall pathogen load positively correlates with disease 53 severity (Franz et al., 2010; van der Poll and Opal, 2008) . Technical and ethical 54 hurdles hinder estimation of the overall load of the pathogen, where the pathogen may 55 occur in different tissues in differing quantities during disease progression 56 (Cunnington, 2015) . Thorough sampling can then be possible during autopsy with 57 pathogen quantification in multiple tissue samples, which is sadly late for the patient. 58
Research in infectious diseases aims to prevent lethal outcomes and non-lethal 59 methods must be preferred. 60
In case of white-nose syndrome (WNS), a fungal infection caused by 61
Pseudogymnoascus destructans in hibernating bats (Blehert et al., 2009; Lorch et al., 62 skin of the host (Flieger et al., 2016) . Early methodology designed to assess disease 69 severity was lethal, as it required excision and rolling an interdigital segment of the 70 wing in preparation for serial cross-sections used in stained microscopy slides. 71
Number and distribution of the skin lesions were then used to score the severity of the 72 disease (Reeder et al., 2012) . More recent methodology utilizes punch biopsy 73 sampling guided by characteristic fluorescence of skin lesions in ultraviolet (UV) 74 light, enabling the bat to survive the examination (Pikula et al., 2017) . 75
Progress from lethal to destructive sampling facilitated examination of bats with 76 higher conservation status for WNS. To further reduce handling and disturbance of 77 bats for research purposes, herein we estimated the fungal load that invaded host 78 tissues in WNS skin lesions. Our approach combines previously published data on 79 fungal load estimated as the amount of P. destructans DNA on the wing punch where 80 the wing was without a WNS lesion and fungal load in a wing punch where UV 81 transillumination revealed characteristic fluorescence indicative of WNS lesions. The 82 relationship between the fungal loads measured from the paired biopsies can be used 83 to estimate how much fungal DNA there is in the bat wing tissue, because P. 84 destructans fluoresces under UV light after it had formed skin lesions. As the invasive 85 infection progresses, multiple lesions develop and the fungal load in the skin tissue 86 exceeds the fungal load on the wing surface (Martínková et al., 2018) . Sampling in 87 the field cannot distinguish between a single microscopic lesion and multiple 88 confluent lesions as both cases manifest as a fluorescing dot when handling a live bat 89 in a cave (Fig. 1 ). In the laboratory, quantifying pathogen DNA requires enzymatic 90 tissue digestion, meaning that estimating infection intensity with DNA-based methods 91 as well as disease severity with histological microscopy is not possible from the same 92 sample. We therefore simulate possible histopathologic findings in the wing punch 93 digested for pathogen DNA quantification to infer how much P. destructans there is 94 in a single WNS skin lesion. We further calculate how the invasive fungal DNA 95 quantity relates to the biology of the infection, and we estimate the number of nuclei 96 in the invading fungal hyphae. We use these results to compare the invasive infection 97 in the Palearctic and Nearctic bats. 98 99
Materials and Methods 100
We used previously published data on fungal load present in a wing punch biopsy 101 The 117 modified relationship is given as 118 
Eq. 2
In the empirical study (Flieger et al., 2016) , the slope of the regression 
Influence of wing surface area of a WNS lesion 136
The first confounding aspect we considered influences intercept ߙ . The surface 137 colonization affects a smaller area in a biopsy with a lesion as the wing surface area of 138 the lesion cannot be considered to contain surface colonization by P. destructans. The 139 total fungal load in the i-th wing biopsy is 140 
where I is a set of sample indices and 
Eq. 5
In the empirical studies, the diameter of the i-th wing punch biopsy was Solving Eq. 5 numerically shows that
The effect of presence of the cupping erosion area on the estimation of the 155 fungal load in a WNS lesion is thus negligible. 156 157
Influence of unobserved histopathology 158
The second aspect affects the regression slope . 204
The study assumes that the first biopsy from the pair represents a wing segment 205 without a WNS lesion, in which P. destructans colonized wing surface, and the 206 second biopsy from the pair contains a wing segment with a WNS lesion, where the 207 fungus invaded the tissue. Theoretically, the difference in fungal loads between the 208 two biopsies should be greater than or equal to the fungal load in the WNS lesion. 209
Sampled data that do not conform to the condition are likely influenced by sampling 210 or laboratory artifacts or by as yet unrecognized natural phenomena. To test for the 211 effect of possible unknown bias, we ran a set of simulations on the original and the 212 reduced data. In the case of the reduced data, we used
The Eq. 10
The simulations were run in R (R Core Team, 2018) with custom scripts, 222 implementing equations Eq. 1, Eq. 7, Eq. 8, Eq. 9 and Eq. 10. Data visualization used 223 package RColorBrewer (Neuwirth, 2014 
Eq. 11
We applied the results of our simulations to previously published data ( Gaussian kernel of the simulated fungal load in a lesion has the mean equal to 0.0489 245 ng and standard deviation equal to 0.01134 ng (Fig. 3 The utility in modelling pathogen load from data originating from non-lethal sampling 264 provides unquestionable advantages and insight into disease dynamics. Non-lethal 265 sampling promotes more effective sampling that enables to track distribution, 266 prevalence, spread, infection intensity and disease severity on population level. Our 267 approach simulated unobserved histological severity in a biopsy sample that was used 268 to isolate DNA from the bat as well as the total pathogen biomass in the biopsy. The limitation of the present study lies in the fact that values of the objective function 278
Eq. 8 did not approach 0 (Fig. 3a) . The objective function minimized difference 279 between the slope of regression from adjusted data with simulated histopathologic 280 findings and the ideal slope equal to 1, when the regression intercept would signify 281 the fungal load in a single WNS lesion (i.e. Eq. 9). The lack of convergence towards 282 the optimum may be due to complexity of WNS pathology in the biopsy we did not 283 consider. The WNS lesions have variable size (Zukal et al., 2016) 
